To improve service life of shredder cutters, new technologies such as ultrasonic vibrationassisted cutting and cooling technology (jet and spray) are introduced into the design of the cutter for a two-axis horizontal shredder. Ultrasonic vibration-assisted cutting technology is theoretical analyzed, and result shows that the effect of friction reduction only happens when the speed of cutting is less than vibration speed. Therefore, the vibration-assisted cutting get a friction reduction of 52.5% and a cutting temperature reduction of 10.5% when the vibration-assisted cutting with an amplitude of 25 µm and a frequency of 20 kHz is performed on the shredder with the rotational speed of 60 r/min. Three cooling methods are proposed to lower the temperature of shredder tools such as air jet cooling, water jet cooling, and spray cooling. They are all simulated with Ansys-fluent software on the basis of the Lagrangian model. Simulation results show that water jet cooling can realize better cooling effect, whereas its cooling effect will not improve obviously until the jet diameter increases to around 4 mm. In addition, the cooling effect of the spray with vibration cutting which has less coolant consumption is very close to that of the water jet without vibration cutting. Therefore, the mode of spray cooling with vibration cutting can be used instead of the mode of water jet cooling for higher coolant utilization. By comparing with the traditional cutting of shredder, the spray cooling with vibration cutting has a cutting temperature reduction of 65%.
I. INTRODUCTION
The shredder is also known as rolling-cutting shredder which is used to shred wood, rubber, plastics and waste pipes. During the working process of the shredder, the heat generated by the friction between the cutter and the material will increase the temperature of the shredder gradually. If the cutter continues to work at high temperature, the metal surface of the shredder will be seriously oxidized, which will affect the mechanical properties of the cutter and the geometric dimensions of the parts in the shredder, and even burn surfaces of the The associate editor coordinating the review of this manuscript and approving it for publication was Yingxiang Liu .
parts. The heating of the cutter is an important factor affecting shredder's working stability and service life. Therefore, it is necessary to carry out relevant research on the cooling technology of the shredder cutter.
Vibration assisted cutting (VAC) is a special processing technology developed gradually from 1960s. Compared with traditional cutting(TC), VAC have advantages of improving the surface quality of work pieces, reducing cutting temperature and cutting force significantly, and prolonging service life of tools, especially in the processing of brittle materials [1] .
From 1950 to 1960, Japanese scholar Kumabe put forward the concept of ''vibration cutting'' for the first time. In the VOLUME 7, 2019 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ next ten years, he drew the conclusion through experiments that vibration cutting can effectively reduce the plastic deformation of chip deformation zone, reduce the friction between tool and chip, and thus improve service life of tools [2] - [4] . X. Wang et al. studied the mechanism of reducing cutting force by vibration cutting. Results show that the discontinuous contact between tool and work piece was the fundamental reason for reducing cutting force, the cutting speed and vibration frequency were the key factors affecting the surface quality of work piece [5] . Reza Nosouhi et al. proposed an analytical model for predicting the cutting force in vibration cutting process by dynamic friction. Compared with the traditional Coulomb friction analytical model, the results obtained by the former model are more consistent with the experiments [6] . J. J. Zhang et al. studied the effects of cutting speed, feed rate and cutting depth on cutting force and cutting temperature in vibration cutting through experiments and finite element analysis. The results show that vibration cutting can effectively reduce cutting force, cutting temperature and tool wear [7] . D. X. Geng [12] , [13] . A lot of works in reducing the cutting temperature of tools have been done by finite element analysis. H. X. Wen et al. used advanced software to analyze the influence of conventional cooling and high-pressure cooling on tool temperature under different cutting modes by AdvantEdge software, the results show that high-pressure cooling can not only reduce the temperature of the cutting edge of the tool, but also reduce the tool wear [14] ; T. J. Li et al. put forward a composite design method of internal cooling tool, which combines optimization design of structural topology with the design of Thermo-Fluid-Solid coupling. The simulation results show that under the same cooling conditions, the overall stiffness of the tool structure is improved, the thermal deformation of the tool is reduced by 12%, and the maximum temperature of the tool is reduced by 2%, compared with the traditional internal cooling tool [15] . J. Du et al. obtained the effect of coating materials on the heat transfer of the tool-chip contact surface when cutting H13 hardened die steel based on Fluent software, it was found that thicker tool coating can effectively reduce temperature of the tool, and reducing the actual contact area of the tool-chip, which is beneficial to reduce the overall temperature of the tool [16] . M. Mia et al. studied the effect of high pressure cooling with double nozzles on machinability and cutting temperature, the results show that comparing with dry cutting and single nozzle cooling, this method could effectively improve the machinability and the service life of the tool [17] , [18] .
In order to control the temperature of the shredder cutter effectively, this paper combines ultrasonic vibration cutting with jetting and spraying cooling respectively to analyze the cooling effect of the shredder cutter.
II. NEW DESIGN OF SHREDDER CUTTER SPINDLE
In this paper, a two-axis horizontal shredder (shown in Fig.1 ) is used as the research object. The tool is fixed on the spindle cutter and rotated to cut the material. The schematic diagram of the cooling device of the new shredder is shown in Fig. 2 .
The cutter of the shredder is fixed on the cutter head of the tool spindle by bolts, and the piezoelectric stack is located between the cutter and the end face of the cutter head and is pre-tightened by bolts. The ultrasonic vibration of the piezoelectric stack makes the cutter always being vibrational in the cutting process. That is to say, the cutting force and temperature of the cutter are reduced by vibration cutting technology. Cooling fluid (air or water) is jetted to the surface of the tool through the jet hole on the spindle. The forced convection heat transfer of air or water is used to reduce the temperature of the tool, so as to improve the tool life and ensure the shredder can work steadily in a high temperature environment for a long time.
III. THEORETICAL STUDY OF VIBRATION CUTTING
As can be seen from Fig. 2 , the piezoelectric stack will only vibrate in one direction, which belongs to one-dimensional vibration cutting. In the one-dimensional vibration cutting, according to the position relationship between vibration direction and cutting direction, it can be divided into longitudinal vibration cutting, transverse vibration cutting and vertical vibration cutting [19] . According to T. Moriwaki et al., the cutting force of the tool with longitudinal vibration cutting is the smallest when the machining parameters are the same, and the cooling effect is also the most obvious [20] . Fig. 3 is a schematic diagram of the vibration cutting of the shredder tool. The new tool structure can generate vibration consistent with the cutting direction of the tool, and belongs to the longitudinal vibration cutting. As can be seen from Fig. 3 , compared with traditional cutting, the most obvious characteristic of vibration cutting is that the tool does not always contact with the work piece, but intermittently with the work piece.
There are two main sources of cutting force: one is the elastic and plastic deformation resistance generated on the deformation zone; the other is the friction between the chip, work piece and the tool. Referring to Fig. 3 and Fig. 4 , it can be seen that each vibration period T consists of two time periods:
The tool is in the cutting state, and the friction is the traditional friction force f TC ; t 2 ∼ t 4 : The tool and the work piece are in a non-contact state, and the friction is 0.
It can be seen from Fig. 4 (c) that in a vibration period T, the actual cutting time of the shredder tool: t c = t 2t 1 , so the net friction ratio in one vibration period T is:
Equation (1) shows that the smaller the t c /T is, the shorter the effective cutting time of the tool is, that is, the average friction force of the tool will be lower in a vibration period T, the effect of vibration friction reduction will be better, and most of the work consumed by deformation and friction in cutting process will be transformed into cutting heat, which is the root cause of vibration cutting to reduce the cutting temperature. During the vibration cutting process, the tool friction in the cutting state (t 1 to t 2 ) is not exactly the same as the traditional friction f TC , because the cutting speed of the tool is slightly higher than that in the traditional cutting. Therefore, the friction at this stage is slightly higher than the friction during traditional cutting [21] .
Assuming that the cutting speed of the shredder cutter is a constant value v c , and the piezoelectric stack is a simple harmonic motion. The displacement equation is u 0 sinωt, and the angular frequency ω = 2π f , u o and f are the amplitude and vibration frequency, so the displacement equation of the tool is y = vt +u 0 sinωt, and the cutting speed of the shredder tool is:ẏ
It can be known from equation (2) that when v c > 2π fu o , the cutting speed of the tool will always be greater than zero, which means that the tool keeps contact with the work piece all the time, and the vibration cutting becomes traditional cutting. If v c = 2π fu o , the tool will not be separated from the work piece, so it is not vibration cutting, and the cutting speed v b = 2π fu o is called the critical cutting speed.
It can be seen from the above analysis that the prerequisite for the intermittent separation of tool and work piece the is 0 < v c < v b , which also explains that the displacement curve of the tool during vibration cutting in Fig. 4 (a) has a degree of back-off phenomenon compared with traditional cutting [22] . So there are two important parameters affecting the net friction ratio: cutting speed v c and vibration speed v b , the following is a detailed study of the effect of the relationship between the two on the net friction ratio.
At time t 2 , the tool speed changes from positive to zero, at this moment the displacement is the largest. The tool starts to separate from the work piece in the next time period t 2 to t 4 , and the friction is 0. At time t 4 , the tool moves back to the position at time t 2 and starts cutting, the friction is:
Here we define the vibration-to-cut speed ratio ζ as:
Net friction ratio r is:
According to equation (3)-(6), we get:
r >0, ζ ≥0, equation (7) shows the relationship between the vibration-cutting speed ratio ζ and the net friction ratio r, and the calculation curve is shown in Fig. 5 .
It can be seen from Fig. 5 that with the increase of the vibration-cutting speed ratio the net friction ratio r decreases sharply, that is the effect of friction reducing will have an obvious improvement. As ζ continues to increase, the tendency for the r value to decrease is slowed. Therefore, increasing the vibration speed of the tool or reducing the cutting speed of the tool will further enhance the effect of friction reduction. However, when the speed ratio is less than 1, the value of the net friction ratio r is 1 that is the effect of friction reducing does not occur, and this point is called the switching point of reducing or not.
In addition, since the effective cutting time is t c , the effective cutting length along the cutting direction in one vibration period T is:
Equation (8) shows that the length of the chip produced by vibration cutting is smaller than the length of the chip produced by traditional cutting. This phenomenon can also be observed in the experiment of A. Miyake et al., which is beneficial to cutting [23] :
Traditional cutting tends to produce long chips, whereas vibration cutting produces shorter chips, which do not wrap around the tool, and do not cause excessive damage to the surface of the work piece, thus improving the surface quality of the work piece.
The heat during the vibration cutting process is continuously taken away by the intermittent chips, which reduces the cutting temperature of the tool and prolongs the service life of the tool.
In Abaqus software, the heat generation mechanism is as follows:
The heat generation in the deformation zones depends on the percentage of friction energy convert to the heat, and assume it as η (0< η <1). The dissipation rate of frictional energy in per unit tools-chip is:
where τ f is frictional stress and γ is slip rate.
In the II deformation zone, there are two friction zones between the chip and the tool. As shown in Fig.7 , these are bonded friction area and sliding friction area.
The frictional stress in bonded area is τ max = σ ya / √ 3 according to following equation:
The friction coefficient µ is equal to Columbus constant, the σ ya is yield stress. The frictional stress in sliding area is depend on friction coefficient according to following equation [24] :
In addition, the amount of energy released as heat on each surface is derived from the following equation:
where f w is the weighting factor for the heat distribution between the intersection surfaces, q c is the heat flux at the chip surface and q t is the heat flux at the tool surface. The fraction of thermal energy conducted to the chip is derived from equation (13) . E c : heat energy conducted to the chip and work piece and E t : heat energy conducted to the tool are obtained from equation (14) [25] .
where g c = heat conduction of chip (w/m·k), ρ c = chip density (kg/m 3 ), C pc = specific heat capacity of chip (j/g • C), g t = heat conduction of the tool, ρ t = chip density of tool and C pt is the specific heat capacity of tool. The relative velocity of the tool and the surface of the work piece causes thermal convection, which is one of the cooling factors in dry machining. The heat flux of the surface is derived from the following relationship:
where d is reference film coefficient (air) (w/m 2 ·k), θ 1 is temperature of an arbitrary point in convectional surface ( • C) and θ • is the temperature of cooling air ( • C).
Assuming laminar flow d is obtained from equation (16):
where k co is the thermal conduction of cooling material and L is the length of the surface exposed to ambient temperature. N u is the Nusselt number that is obtained for dry cutting from the following equation:
where P r is Prandtl number and R e is Reynolds number that is achieved form equation (18):
where the V a is the air flow velocity relative to the tool and chip. This value is considered equal to V ch for chip surface during both TC and VAC processes, the rake and clearance surfaces of cutting tool in TC process is equal to zero. And in VAC, it is equal to average vibration speed. X is variations in the length of convection surfaces, ρ air is air density and S air is dynamic viscosity of air. The air flow through the chips is equal to the chip speed in dry machining. Since Prandtl number, Reynolds number and heat conductivity are a function of temperature, the average value of thermal convection coefficient (h) also depends on temperature [26] .
IV. FINITE ELEMENT SIMULATION OF VIBRATION CUTTING
In this paper, the vibration cutting is simulated by ABAQUS software, and the 2D model of orthogonal cutting is adopted. Fig. 6 is a schematic diagram of the mesh of the tool and the work piece during the vibration cutting, and the cutting speed and vibration speed of the tool tip are in the y direction relative to the work piece. The work piece length L = 50 mm, width W = 30 mm, and cutting width f = 10 mm. CPE4RT four-node thermocouple plane temperature quadrilateral element, bilinear displacement and temperature, reduction integral and hourglass control model are used to divide the overall grid.
The horizontal shredder speed is 60r/min, the distance between the tool tip and the center of the spindle is 250mm, and the cutting speed of the shredder tool during the working process is v c = 1.57m/s. A simple harmonic motion with amplitude of 25 µm and a frequency of 20 kHz was applied in the cutting direction to simulate the vibration of the piezoelectric stack. It can be seen that v v = 2π fu o = 3.14m/s > v c = 1.57m/s, which satisfies the preconditions for separating the tool from the work piece in each vibration period. According to formula (7) , the net friction r = 0.475 is calculated, that is, in one vibration period T , the friction reduction is 52.5%.
The shredder studied in this paper is a double-shaft horizontal shredder, which is mainly used to shred longer and larger materials, such as large diameter PE or PVC pipe, and the shredder tool material is 9CrSi low alloy tool steel.
Due to the large strain, high temperature, large strain rate, the work piece material often undergoes elastoplastic flow deformation during the cutting process, the Johnson-Cook [27] model is needed to represent the large strain mechanical behavior of the work piece in the cutting process, and the Johnson-Cook formula is shown in the following equation:
In the equation: A-material yield strength; B-strain hardening constant; ε p -equivalent plastic strain; n-strain hardening index; C-strain rate correlation coefficient; ε pn -strain rate; ε on -reference strain rate; T room -room temperature; T melt -melting point of material; m-temperature softening effect; σ -flow stress.
The Hybrid friction model is used to describe the complex contact and friction process between the tool and the chip in the vibration cutting process [28] . As shown in Fig. 7 , there are two contact areas on the contact surface of tool and chip: the bonding zone and the sliding area.
The functional relationship between friction stress and normal stress can be selected to establish a relatively accurate simulation. The friction phenomenon during the vibration cutting process can be expressed by the following formula:
Bonded friction area µσ n µσ n < τ Sliding friction area (20) where: τ -material shear flow stress; µ-coefficient of friction; σ n -positive stress. In this paper, for the adhesion friction area, the coefficient of friction is set to 0.6; for the sliding friction area, the coefficient of friction is set to 0.3. Fig. 8(a) shows the temperature distribution of the tool in traditional cutting and vibration cutting. It can be seen from the figure that the maximum cutting temperature is not on the tool but in the contact area between the tool and the work piece. In vibration cutting, the cutting temperature is transient, and the temperature of the tool in the contact state is significantly different from the separation state.
It can be seen from Fig. 8(b) that the temperature of the tool in vibration cutting is generally lower than that of traditional cutting and the average temperature is relatively reduced by 10.5%. The main reasons are as follows: on the one hand, in the vibration cutting, the effective cutting time is less than that in the traditional cutting, so the average friction is smaller, and the cutting heat will be dissipated during the separation process between the tool and the work piece; on the other hand, the heat will be taken away by the falling chips during the vibration cutting process.
V. THEORETICAL STUDY OF JET AND SPRAY COOLING
The tool's jet cooling and spray cooling models of the shredder are shown in (a) and (b) of Fig. 9 . The cooling medium is water and air, the cooling direction is at an angle of 60 • to the XOY plane in the positive direction of the Z axis, the thickness of tool is 40 mm, the jet(spray) distance is 45 mm, and the exit area is around the tool.
In order to simplify the model, it is assumed that: (1) the shape of the jet orifice is circular; (2) the jet/spray medium is incompressible fluid whereas ignoring the heat dissipation caused by its viscosity; (3) because the cooling mode is symmetrical jet/spray cooling, half of the symmetrical axis is taken as the calculation area; (4) The surface of the impacted tool is smooth.
Assuming that the jet medium is incompressible steady flow, the basic control equations for fluid mechanics are as follows:
Continuity equation [29] :
Momentum conservation equation:
Energy conservation equation:
where: µ x , µ y , µ z -velocity components in x, y, z directions, m/s; t-time, s; ρ-density, kg/m 3 ; p-pressure on the fluid micro-element, Pa; f x , f y , f z -unit mass force in three directions, m/s 2 ; µ-dynamic viscosity of the fluid, Pa·s; C p -heat capacity, J/(kg·k); T -thermodynamic temperature, k; λ-fluid Thermal conductivity, W / (m·K). In addition, in order to describe the flow field flow law of jet impact accurately, both the air jet and the water jet, the standard turbulence model is adopted. The turbulent energy transport equation and the energy dissipative transport equation of the model are:
where, G k -the turbulent kinetic energy caused by the average velocity gradient; G b -the turbulent energy due to the influence of buoyancy; Y m -the effect of compressible turbulent pulsation on the total dissipation rate; µt-turbulent viscosity; as the default constant C 1ε = 1.44, C 2ε = 1.92, C 3ε = 0.09; σ k , σ ε -the turbulent Prandt number of kinetic energy k and the dissipation rate ε, the default values are 1.0 and 1.3.
In order to simulate the jet cooling of water in the air, after selecting the Standard, k-ε turbulence model and the energy equation, VOF model is used to simulate water jet cooling, and air is defined as the basic phase and water as the second phase.
For the spray cooling model, the k-ε turbulence model should be selected, and the turbulent kinetic energy and dissipation rate transport equation of the Realizable k−ε model are:
Convection-diffusion conservation equation:
where: R i -the net formation rate of the ith component during the reaction; Y i -the mass fraction of the ith species; S i -the net formation rate of the diffusion group; J i -the diffusive flux generated by theith components.
Model of heat transfer [30] :
The temperature of the fluid-solid coupling boundary is continuous:
The heat flux of the fluid-solid coupling boundary is continuous:
The third type of condition for the fluid-solid coupling boundary:
In addition, in the calculation of spray cooling, the component transport calculation is carried out first, the flow of the nozzle is obtained by using the incompressible ideal gas, and then the spray field is calculated, in which DPM model, the air blast atomizer model, the particle collision and crushing model is selected, and the Eulerian Film model is added for the calculation of the shredder tool spray cooling. For the coupling between the discrete phase and the continuous phase, the governing equations of the discrete phase and the continuous phase are alternately solved until both of them converge.
VI. COOLING SIMULATION CALCULATION OF SHREDDER TOOL
This part mainly studies the cooling effect of different cooling methods on the tool of the shredder. There are three cooling methods: air jet cooling, water jet cooling, and spray cooling.
For jet cooling, pressure boundary conditions are adopted in the inlet and outlet of the jet field. The inlet pressure varies from 0.1 MPa to 1.0 MPa. The ambient atmospheric pressure is a standard atmospheric pressure. The outlet relative pressure is 0 Pa, and the ambient temperature is 25 • C.
For spray cooling, pressure boundary conditions are adopted at the inlet and outlet of nozzle. The boundary conditions at nozzle inlet are composed of air intake and water inlet. The water pressure varies from 0.1 MPa to 1.0 MPa, and the air pressure is same as the water pressure. The ambient atmospheric pressure is a standard atmospheric pressure, the relative pressure at the outlet is 0 Pa, and the ambient temperature is 25 • C.
In this paper, the ordinary cutting and vibration cutting have been simulated by Abaqus software in part IV, the result shows that the maximum temperature of tool is 150 • C. In order to simulate the effect of continuous heat generated by cutting in fluent software, we use the boundary condition with the heat generated at the front end of the shredder tool is 1×10 7 W/m 3 .
A. INFLUENCE OF DIFFERENT JET CALIBER ON COOLING EFFECT
The cooling effect of different jet calibers under different jet pressures is simulated to obtain the temperature change curve as shown in Fig. 10 . It can be seen from the figure that with the increase of water jet pressure, the cooling effect increases and gradually becomes gentle; and the larger the jet caliber, the better the cooling effect; When the caliber reaches 4 mm, the improvement of the cooling effect by increasing the caliber of the jet is no longer obvious.
It is shown in equation (34) that at the same jet pressure, a 4 mm jet caliber can save 36% of the coolant fluid compared with 5 mm. However, it is impossible to choose the diameter of the jet orifice simply based on the pressure and the consumption of the coolant, the comparison is only meaningful under the unified standard, for example, the comparison of the consumption of the coolant by the jet orifice of different calibers makes sense when the cooling effect is the same.
where Q -mass flow, kg/s; C-flow coefficient, C<1; D-jet diameter, m; p-jet pressure, Pa; ρ-coolant density, kg/m 3 . As shown in Fig. 11 , when the tool is cooled to 55 • C, the demand for the coolant increases with the increase of the jet caliber.
By comparing Fig. 10 and Fig. 11 , the following conclusions can be drawn: (1) The cooling effect of the tool will be better when the jet caliber is larger, but the cooling effect tends to be stable when the jet caliber is increased to 4 mm; (2) When the cooling effect is the same, the larger the jet caliber, the larger the consumption of coolant. Therefore, when choosing the jet caliber, it is not the larger the diameter, the better the comprehensive performance. On the premise of guaranteeing the cooling effect, the jet diameter can be reduced as much as possible, which is advantageous for saving the coolant.
B. COOLING EFFECT OF SHREDDER TOOLS UNDER DIFFERENT COOLING MODES
The jet cooling model (the jet medium is water and air respectively) and the spray cooling model are simulated to compare the effects of three different cooling methods on the tool.
As shown in Fig. 12 , it can be seen that under the same conditions, with the increase of inlet pressure the cooling effect is continuously enhanced, and the effect of water jet cooling is significantly better than the air jet cooling and spray cooling, and the effect of spray cooling is also better than the air jet cooling. Because the convective heat transfer capacity of water is stronger than that of air. Compared with the spray, the method of jet can more intensively spray the coolant on the heat of the tool, so that the heat of the tool surface can be taken away to greater extent.
C. EFFECT OF DIFFERENT COOLING METHODS ASSISTED BY THE VIBRATION CUTTING
Based on the above simulation study of vibration cutting, vibration-assisted cutting can reduce the temperature of the tool by 10.5%. Combined with the tool thermal-fluid coupling analysis model, the cooling effect before and after vibration-assisted cutting can be obtained as shown in Fig. 13 , it can be found that the cooling effect is obviously improved under the same cooling conditions assisted by the vibration cutting.
As shown in Fig. 14, the cooling temperature of the air jet is lowered from 109.29 • C to 96.4 • C, which is decreased by 11.79%, the temperature of the sprayer cooling is decreased from 74.8 • C to 67.1 • C, which is reduced by 10.29%, the temperature of the water jet cooling dropped from 65.03 • C to 59.38 • C, which is decreased by 8.69% under vibration assisted cutting at 0.1Mpa.
By comparing the cutting temperature of different cooling modes under 0.1MPa in Fig. 13 , it is not difficult to find that the cooling effect of spray with vibration cutting is close to that of water jet without vibration cutting, whereas the consumption of coolant by spray cooling is much less than that of water jet from Fig. 14, the consumption of coolant for spray cooling with vibration assisted is only 0.7% of jet cooling. It is mainly due to the stronger convective heat transfer ability of spray [31] . Therefore, spray cooling with vibration cutting can be used instead of water jet cooling, and it is benefit to increases the utilization of coolant.
In order to check the speed of spray cooling with vibration assisted cutting, the model is simulated under the pressure of 0.5MPa, and the result is shown in Figure 15 . The temperature of the tool can be cooled to about 56 • C in 8 seconds.
VII. CONCLUSION
(1) The precondition for vibration cutting is that the cutting speed is less than the vibration speed. The key factor affecting the frictional force is the net friction ratio. If the net friction ratio is lower, the average cutting temperature of the tool is lower. The cutting force and cutting temperature can be reduced effectively by using vibration cutting technology, thereby the tool life will be prolonged and the work efficiency will be improved.
(2) Among the three cooling methods of air jet, water jet and spray cooling, the water jet cooling effect is optimal, followed by the spray cooling, and the air jet cooling is the worst. The cooling effect improves with the increase of the jet diameter in water jet cooling, but the trend is no longer obvious when the jet diameter reaches 4 mm.
(3) The cooling effect of spray with vibration cutting is almost the same as that of the traditional water jet, but with less coolant (about 0.7% of coolant consumption of the traditional water jet).
The cutter rotates at high speed on the cutter head of the spindle when the shredder works. The temperature of the cutter can only be measured with an infrared thermometer after the shredder stops rotating for safety, so the measured temperature is not the actual temperature, but the temperature after a short cooling. Therefore, it is difficult to carry out experiments accurately, and we use simulation instead of experiments.
In the simulation, the heat conduction among the tool, air and cutter head is neglected, and the tool of intermittent cutting is assumed to be continuous cutting. It is undeniable that the neglect and assumption mentioned above will lead to the mismatch between the simulation and the real quantitative analysis. But it does not affect the qualitative trend that the cooling effect of jet(spray) will be improved by combing with the vibration cutting technology.
Based on the research of ultrasonic vibration assisted cutting technology and jet(spray) cooling technology, a proposal which can be used to guide the practical application is put forward: spray cooling with vibration cutting can replace traditional water jet cooling technology, and can save a lot of coolant. 
